Introduction
Nowadays, electric vehicles (EVs) are emerging as the most sustainable alternative to support the expected number of vehicles in circulation around the world, as well as to reduce the impact of the transportation sector on the environment. Typically, an EV has a motor drive system and an on-board battery charger that allows charging its battery pack almost anywhere, as long as there is an electrical outlet available [1] . Taking into account the similarities between the EV motor drive and the EV battery charger, it is possible the unification in a single converter, allowing to optimize the size and weight of the power components inside the EV [2] . Moreover, the bidirectional power flow capability of the converter offers some extra features for the EV operation into the power grid. Besides the grid-to-vehicle (G2V) operation mode, where the EV batteries are charged from the power grid, the EV battery charger can also be used to return part of the energy stored in the batteries back to the power grid. This operation mode is identified in the literature as vehicle-to-grid (V2G). Both G2V and V2G operation modes contribute to the development and expansion of technologies to integrate the EV into the smart grids [3, 4] . In order to mitigate power quality problems, the EV battery charger should operate with unitary power factor and sinusoidal currents, i.e., with low total harmonic distortion [2] , [5] . Fig. 1 presents the topology of the integrated power converter that is used as EV motor driver or as slow EV battery charger. As it can be seen, this topology can be used to perform the EV motor driver or the slow EV battery charging, since these operations do not happen simultaneously. From Fig. 1 , it is possible to observe that the EV battery charging process is performed from the power grid using only two legs of the three-phase voltage source converter. It is important to note that the presented topology is compatible with any type of EV motor, nevertheless, an extra relay is necessary to disconnect the EV motor during the EV battery charging process. This converter can also be used as fast EV battery charger, however, this paper only focus in the slow EV battery charging process. 
Predictive Current Control
Fig . 2 describes the control algorithm to perform the slow EV battery charging process. Analyzing the voltages between the power grid and the AC-DC converter, it can be established that:
Battery Pack

DC-DC Converter
KM1
KM2
where, vs(t) is the power grid voltage, vR(t) is the voltage across the internal resistance of the inductor, vL(t) is the voltage across the inductor, vin(t) is the input voltage in converter, Rs(t) is the internal resistance of the inductor, and is(t) is the grid current. From equation (1), the derivative can be described by: Applying the forward Euler approximation to the derivative of the grid current results in: (3) where, the predicted input current is established by:
Using a high sampling frequency, the voltage in the instant (k+1) can be approximated by the voltage in the instant (k), according to:
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Taking into account that it is not possible to measure the control variables, predict the future values and apply the control during the same sampling period, the measured variables in the instant (k) will result in changes in the instant (k+2), causing a twostep-ahead prediction [6, 7] . The output of the prediction can only be applied at the next sample (k+1). Thus, it is necessary to predict the current value at the sample (k+2), which is obtained by time shifting equation (4) one step forward, resulting in (6) . (6) First, it is calculated is(k+1) using equation (4), since the voltage and current measured were obtained as consequence of the switching state desired in the previous sampling time. In the next steps the predicted current is obtained with (6) . Taking into account that the EV battery charger is connected to a single-phase system, it is used a cost function widely used in [8, 9] , which is described by:
From [4] , where it is proposed a bidirectional single-phase battery charger for an EV, the reference current during the G2V operation mode is generated according to Fig. 3 (a) . In order to avoid the harmonic content of the power grid voltage it is used a phase-locked loop (PLL) algorithm, which is synchronized with the fundamental component of the power grid voltage. The RMS value of the grid current reference (IS_ref) is obtained from a PI controller, which is used to maintain the DC-bus voltage regulated, divided by the RMS value of the power grid voltage. The RMS value of the grid current reference (IS_ref) is then multiplied by the output signal of the PLL in order to obtain the instantaneous value of the grid current reference in phase with the power grid voltage. On the other hand, during the V2G operation mode the grid current reference is in phase opposition with the power grid voltage. This is obtained using the same PI controller, but multiplying by minus one the output signal of the PLL. The block diagram that allows obtain the grid current reference during the V2G operation mode is shown in Fig. 3 (b) . As aforementioned, in order to obtain the grid current reference it is necessary to use a PLL algorithm. In this paper it was chosen to use the PLL algorithm shown in Fig. 4 . 
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This PLL algorithm results from the adaptation of the enhanced PLL (ePLL) presented in [10, 11] . 
Simulations Results
This item presents the main simulation results obtained to validate the control algorithm of the slow EV battery charger. The simulation model was implemented as close as possible of the real implementation. With the realization of the simulations, it was possible to reduce time and financial resources during the implementation of the laboratorial prototype. The simulation results were obtained with the simulation software PSIM, v9.0. The simulations of the slow EV battery charger were performed for both G2V and V2G operations modes.
Phase-Locked Loop Algorithm
The performance of the PLL algorithm has high influence on the obtained results. Thus, the first simulations were done with the purpose of evaluating the performance of the PLL algorithm and tuning its parameters. In order to approximate the simulation model to the real implementation, it was considered a power grid voltage (vs) with harmonic content (third order harmonic with 15% of the amplitude of the fundamental component and seventh order harmonic with 10% of the amplitude of the fundamental component). Fig. 5 (a) shows the output signal of the PLL algorithm (pllunit) in comparison with the power grid voltage (vs). In this case, the measured THD of the power grid voltage (vs) was 10.99%, while the measured THD of the PLL (pllunit) was 0.42%, demonstrating the good performance of the PLL algorithm. It is important to note that the obtained results with the PLL algorithm can be improved by readjusting the gains of the PI controller. 
Grid-to-Vehicle Operation Mode
This item presents the simulation results during the G2V operation mode. For such purpose it was established a reference voltage for the DC-bus (VDC_ref) of 110 V. The obtained waveforms of the power grid voltage (vs) and grid current (is) are presented in Fig. 6 (a) . The measured RMS value of the grid current (is) was 7.14 A, the measured THD was 9.57%, and the measured total power factor was 0.99. The detailed harmonic spectrum of the grid current (is), in comparison with the limits established by the standard IEC 61000-3-2, is presented in Fig. 6 (b) . 
Vehicle-to-Grid Operation Mode
This item presents the simulation results during the V2G operation mode. For this operation mode it was established an operation power of 0.2 kW. The obtained waveforms of the power grid voltage (vs) and grid current (is) are shown in Fig. 8 (a) . The grid current (is) has a RMS value of 6.58 A and a THD value of 17.46%. The harmonic spectrum of the grid current is shown in Fig. 8 (b) . Fig. 9 shows the developed laboratorial prototype, which is divided in two fundamental parts: power converter and digital control. The power converter is a three-phase voltage source converter that is used as EV motor driver or as slow EV battery charger. Taking into account the operation as slow EV battery charger are only used two IGBTs legs, the inductors filters and the DC-bus capacitors. The digital control system is composed by a digital signal controller (DSC), the current and voltage sensors, the signal conditioning circuits (one to adequate the signals from the sensors to the DSC and other to adapt the signals from the DSC to IGBTs drivers), and the IGBTs gate drivers. The power converter is isolated from the digital control system through the hall-effect sensors and the IGBTs gate drivers.
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(a) (b) Fig. 9 . Photograph and description of the developed laboratory prototype.
Experimental Results
This section presents the main experimental results obtained with the slow EV battery charger connected to the power grid with a nominal voltage of about 30 V RMS and a frequency of 50 Hz. As aforementioned in the simulations section, the performance of the PLL system has high influence on the obtained results in both G2V and V2G operation modes. The first step of the control system consists in evaluating the performance of the PLL algorithm. Fig. 10 shows the obtained results of the power grid voltage (vs) and the output signal of the PLL algorithm (pllunit). As it can be seen, the PLL algorithm is capable of locking with the power grid voltage (vs). After validating the PLL algorithm, the next step consists in regulating the DC-bus voltage (VDC_ref) to 110 V. Fig. 11 (a) presents the obtained waveforms of the power grid voltage (vs), the output signal of the PLL (pllunit), the grid current (is) and its reference (is_ref), as well as the DC-bus voltage (VDC). The harmonic spectrum and the RMS value of the grid current (is) are shown in Fig. 11 (b) . 
Conclusions
This paper presents a slow electric vehicle (EV) battery charger that uses a model predictive current control algorithm. This slow EV battery charger is part of an integrated power converter that can also be used as EV motor drive. This integrated converter contributes to optimize the weight and volume of the required power electronics when compared with the traditional solutions, where it is necessary to use a power converter to the EV motor driver and another to the slow EV battery charger. Along the paper are presented the main simulation results about the synchronization of the phase-locked loop (PLL) with the power grid voltage, as well as the power grid voltage and the grid current during the grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operation modes. The experimental results show the proper operation of the slow EV battery charger, which presents sinusoidal grid current with unitary power factor, contributing to mitigate power quality problems. The obtained results allow the validation of the model predictive current control applied to the slow EV battery charger, which is part of an integrated power converter used both as EV motor driver and as slow EV battery charger.
